High cycle fatigue (HCF) strength and the resistance to foreign object damage (FOD) can be improved by the use of mechanical surface treatments like shot peening and low plasticity burnishing (LPB) to introduce beneficial surface layers of compressive residual stress. In this paper, results from an extensive study of the relative effects of these two surface treatments on the residual stress, cold work distributions, HCF performance, and FOD tolerance of alloy Ti-6Al-2Sn-4Zr-6Mo (Ti-6-2-4-6) are presented. The compressive layer produced by LPB is shown to be stable even after thermal exposure to 371C. Blade-edge bending fatigue specimens were designed to simulate the leading edge of an integral bladed rotor (IBR) compressor blade. FOD was simulated by controlled size notches introduced on the specimens using electrical discharge machining (EDM). Both disk and blade simulation specimens with 0.5 mm (0.020 in) deep FOD had HCF strengths after LPB over 4times higher than 8A shot peening. The HCF performance after LPB was relatively unaffected by FOD up to 0.75 mm (0.030 in) deep. FOD up to 2.5 mm (0.10 in) in depth after LPB decreased the fatigue strength only nominally. If the traditional design criterion of Kt (notch sensitivity factor) of 3 were to be used, LPB effectively mitigated FOD damage up to 2.5 mm (0.10 in) deep.
INTRODUCTION
HCF accounts for 56% of major aircraft engine failures 1 , and ultimately limits the service life of most critical rotating components. Many engine components are prone to HCF failure because of high mean operating stresses and temperatures in the high-pressure stages, and FOD in the low-pressure stages. FOD creates crack initiation sites and reduces the HCF strength by at least half. Because ingestion of HCF failed components can cause catastrophic engine failure, extensive inspection and maintenance programs are required to detect and replace damaged parts. An estimated $400M 1 is expended annually for HCF related inspection and maintenance, greatly increasing the total ownership cost of military aircraft. As the fleet continues to age, the costs for engine inspection and maintenance are projected to increase exponentially. The associated reduction in time on-wing increasingly impacts fleet readiness. A new approach and new technology are needed that will reduce, or even arrest, the spiraling costs of HCF mitigation.
Surface residual compressive stresses in metallic components have long been recognized [2] [3] [4] [5] to lead to enhanced fatigue strength. For example, many engineering components have been shot-peened or cold worked with fatigue strength enhancement as the primary objective. Other examples of surface treatments like LPB, 6 laser shock peening (LSP), 7 and ultrasonic peening have emerged. These different surface treatment methods have been shown to benefit fatigue prone engineering components to different degrees. LPB has been demonstrated to be a practical surface treatment method providing a deep surface layer of high magnitude compression in various aluminum, titanium, nickel based alloys and steels. Unlike other surface treatment methods, the cold work associate with this treatment is usually limited to < 5% cold work. The lower cold work results in very stable residual stresses even under mechanical overload and elevated temperature conditions. The deep stable compressive residual stress state on the surface of these materials has been shown to be effective in mitigating damage due to FOD, 8 fretting fatigue, 9 corrosion fatigue 10 , and stress corrosion cracking. 11 This surface treatment process can be performed on conventional CNC machine tools at costs and speeds comparable to conventional machining operations such as surface milling. By improving damage tolerance 2 and HCF strength of critical engine components, LPB provides an affordable means of both improving engine life and reducing ownership costs.
The objective of this research was to demonstrate the feasibility of improving HCF life and damage tolerance using LPB surface treatment to create zones of high compressive residual stress in areas prone to FOD and fatigue crack initiation in the alloy Ti-6-2-4-6 used for making a 4 th stage IBR. Surface treatment parameters were developed for specimens designed to simulate blade edge and thick section conditions to achieve throughthickness compression in blade edge specimens and deep surface compression in plate specimens using existing tools. Current practice requires the replacement of blades containing detectable FOD as small as 0.127 mm (0.005 in) in the 4 th stage IBR. This effort proved that appropriate surface treatment increases the allowable FOD to over 0.762 mm (0.030 in).
METHODS

Material and Processing
TI-6-2-4-6 material (beta-forged and heat treated) was received in the shape of a portion of the forging for an IBR. Slightly less than half the forging was received. A total of 7 beam specimens, 48 thick section four-point bend bar and 44 blade-edge feature specimens were prepared from this forging. Chemistry and tensile properties of the material were verified, as follows.
The chemistry (wt %) by spectroscopic analysis:
Analysis: Ti -81.6% Al -5.79%Mo -6.74%
Sn -1.94% Zr -3.89%
Nominal: Ti -Balance Al -5.5-6.5Mo -5.5-6. Fatigue tests were performed on specimens with simulated FOD in the form of a nominal semielliptical electrical discharge machined (EDM) flaw with a depth, a = 0.254 mm (0.010 in) and surface length, 2c = 1.524 mm (0.060 in) FOD was introduced after the surface treatment procedure, but before exposure to the engine operating temperature, to simulate damage occurring prior to, or during, engine service. 
Low Plasticity Burnishing
The LPB process has been described in detail previously 6, 8 and is characterized by a single pass of a smooth free rolling ball under a normal force sufficient to plastically deform the surface of the material. Hertzian loading creates a layer of compressive residual stress, the depth of which depends on process parameters. The ball is supported in a fluid bearing with sufficient pressure to lift it off the surface of the retaining spherical socket. The ball is in solid contact only with the surface to be burnished, and is free to roll on the surface of the work piece, eliminating shear deformation and tool drag.
Using CNC positioning, the tool path is controlled so that the surface is covered with a series of passes at a separation maintained to achieve maximum compression with minimum cold working. The tool may be moved in any direction along the surface of a complex work piece, as in a typical multi-axis CNC machining operation. 
Surface Characterization
Residual stress and cold work measurements were made by the standard x-ray diffraction sin 2 ψ  technique 12,13 on the surface and at several depths below the surface after successively electropolishing on LPB treated and SP specimens.
Surface roughness values were obtained using a Mitutoyo SJ-201 Surface Roughness Tester. The Ra surface roughness, defined as the arithmetic mean of the absolute values of the profile deviations from the mean line, was calculated both perpendicular to the specimen axis and parallel to the specimen axis. 
High Cycle Fatigue Testing
All high cycle fatigue tests were performed under constant stress amplitude load at ambient temperature in four-point bending on a Sonntag SF-1U fatigue machine. The cyclic frequency and load ratio, R, were 30 Hz and 0.1, respectively. Tests were conducted to specimen fracture or until a "run-out" life of 2.5 x 10 6 was attained, whichever occurred first.
All specimens were subjected to a temperature of 371C for 100 hours, prior to introducing the Following fatigue testing, each specimen was examined optically at magnifications up to 60X to identify fatigue origins and locations thereof relative to the specimen geometry. Fractographs were taken with a Nikon 990 digital camera through a Nikon SMZ-10 Stereoscope. Selected specimens were also examined using a Cambridge Stereoscan S90B SEM.
Fatigue Modeling
Fatigue life-prediction modeling analysis was performed using linear elastic fracture mechanics (LEFM) based codes developed at Lambda Research. Initial FOD sizes were used for starting crack sizes. The LEFM models are also capable of accounting for the residual stress distributions achieved by the different surface treatment methods. Since fatigue crack growth (FCG) property data were not available in the published literature for Ti-6-2-4-6, titanium alloy Ti-811 was considered to have similar crack growth behavior, and the corresponding FCG properties were used in this analysis. The residual stress profiles actually measured in TI-6-2-4-6 alloy in the SP and LPB processed conditions, shown in Figure 7 , were used in the fatigue life predictions.
RESULTS AND DISCUSSION
Residual Stresses and Thermal Stability
Surface treatment parameters were developed based upon prior experience with Ti alloys. Coupons were prepared for evaluation of the residual stress and cold work distributions and compared to conventional shot peening. Subsurface residual stress and cold work distributions are shown in Figure 6 . LPB provides a depth of compression nominally 7 times deeper than that of shot peening. Maximum compression achieved is nominally -827.4 MPa (-120 ksi) at a depth of 0.0254 mm (0.001 in) for shot peening and -723.9 MPa (-105 ksi) at a depth of 0.254 mm (0.010 in) for LPB. Cold work approaches 25% at the SP surface and is nominally 3% for the LPB surface.
To be effective, the layer of surface compression must be retained in engine service. Residual stress depth profiles were obtained after exposure to the maximum engine operating temperature of 371C for 100 hrs. Figure 6 shows the effect of such long exposure. The LPB processed specimen shows only minor reduction, if any, in compression following thermal exposure. As has been observed with Ti-6-4 and IN718, the surface compression for the shot peened and LSG specimens relaxed nominally 50% during thermal exposure. 
HCF Performance
The HCF results and the predicted S-N curves for 0.254 mm (0.010 in) deep EDM FOD in the test surface of the thick section fatigue samples are presented in Figure 9 . The HCF endurance limits (for a fatigue life of 10 7 cycles) for the LSG condition and for shot peening without FOD are virtually identical, on the order of 690 to 720 MPa (100 to 105 ksi). LPB without FOD provides a slight improvement to 758 MPa (110 ksi). FOD 0.25 mm (0.010 in) deep reduces the endurance limit for the base-line material to less than 172 MPa (25 ksi). Shot peening provides virtually no benefit for 0.25 mm (0.010 in) FOD, with an endurance limit around 206 to 241 MPa (30 to 35 ksi). With prior LPB, FOD 0.25 mm (0.010 in) deep reduces the endurance limit from 758 MPa Figure 9 : Thick section HCF data (S-N curve) for Tialloy TI-6-2-4-6 with surface treatments LSG, SP and LPB. Predictions from LEFM based models are also included. It is evident that while surface treatments had a marginal effect on HCF performance of virgin specimens, upon introduction of even small FOD, both the as-machined and SP conditions showed a dramatic loss of HCF performance, while the LPB condition showed little or no loss of HCF performance.
The fatigue lives predicted using a LEFM based approach for crack growth through the actual measured residual stress profiles confirm the empirical findings. The calculated endurance limit for the LSG condition with a 0.25 mm (0.010 in) deep FOD (no residual stress assumed) was 145 MPa (21 ksi). Shot peening is predicted to raise the endurance limit to 255 MPa (37 ksi) Both predictions are in good agreement with the fatigue results. The predicted endurance limit for the LPB processed condition is 627 MPa (91 ksi) an improvement factor of nearly 4.5 over the as-received condition. The actual endurance limit for LPB processed condition, based upon run-outs during testing, is nominally 655 MPa (95 ksi). Most of the LPB fatigue lives exceed the prediction, which may be due to the use of Ti-811 crack growth data.
Determination of the Maximum Practical FOD Tolerance for the IBR Blade Geometry
Results from the step loading high cycle fatigue tests are shown in Figure 10 . Failed samples are plotted in the customary S-N curve fashion. SP samples were tested at the minimum and maximum FOD depths of 0.50 and 2.5 mm (0.020 and 0.100 in) respectively. The endurance limits, either with or without shot peening, were reduced from 620 MPa (90 ksi) to nominally 152 MPa The endurance limits for the range of FOD depths are summarized in Figure 11 , the benefits of the compressive residual stress produced by LPB are evident in this figure. Both the baseline and the SP specimens showed very low fatigue strength around 152 MPa (22 ksi) even for FOD of 0.50 mm (0.020 in). This fatigue strength decreased marginally to 124 and 117 MPa (18 and 17 ksi) respectively, when the FOD depth increased from 0.50 to 2.5 mm (0.020 to 0.100 in). In stark contrast, the LPB treated specimens showed fatigue strengths of nominally 655 MPa (95 ksi) for a FOD size of 0.50 mm (0.020 in)nearly a factor of 5 higher than the LSG and SP specimens. 
SUMMARY AND CONCLUSIONS
Low plasticity burnishing has been successfully applied to develop a region of high compressive residual stresses in TI-6-2-4-6 used for making a 4 th stage IBR. A thick section specimen with a center surface semi elliptical flaw was designed to simulate the thick root section and a bladeedge feature specimen was designed to simulate the leading edge of the blade section of the IBR. LPB surface treatment resulted in a compressive layer to a depth of 0. 9 mm (0.035 in) in the thick specimens. In blade edge specimens, through-thickness compression on the order of -1100 MPa (-160 ksi) was achieved.
The endurance limit of the thick section specimens without FOD was nominally 724 MPa (105 ksi.) FOD 0.254 mm ( 0.010 in) deep drastically reduced the endurance limit to nominally 138 MPa (20 ksi.) The endurance limit of the SP specimens show a similar trend resulting in a drastic reduction to a nominal strength of about 240 MPa (35 ksi.)
LPB produced an endurance limit of 690 MPa (100 ksi,) which is only slightly less than that of the specimens treated with LPB without FOD. More importantly, the endurance limit of surface treated specimens with FOD was almost equal to the untreated and SP specimens without FOD.
Blade edge specimens with 0.5 mm (0.020 in) deep FOD had an endurance limit of nominally 138 MPa (20 ksi). FOD 2.5 mm (0.100 in) deep further reduced the fatigue strength slightly. At stresses above the endurance limit, the life of the blades with FOD was less than 10% of the life of an undamaged blade. Shot peening the blade edge specimens did not result in any significant improvement in fatigue strength. LPB has been successfully demonstrated to provide an order of magnitude improvement in the damage tolerance of TI-6-2-4-6 used in making the F119 4 th stage IBR. Complete mitigation of 0.72 mm (0.030 in) FOD was achieved. Acceptable performance, indicating survival of the blade for the K t =3 design criteria, was achieved for FOD up to 2.5 mm (0.100 in) deep. The potential now exists for significantly reducing the costs of engine inspection, maintenance, and ownership while improving engine performance and fleet readiness. 
Application
